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• Radio emission from air showers

• LOFAR analysis pipeline

• First analysis results
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<Xmax> and !(Xmax) data

Extensive cross checks 
and verifications
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Surface detection: muon component
- very sensitive to hadronic interaction models 

Fluorescence Detection to measure Xmax
- duty cycle ~10%, σ ~ 20 g/cm2

Radio Detection to measure Xmax: 
- cheap detectors, duty cycle ~100%
- attractive method to increase statistics at ultra-high energy! 

Does it work? Is the precision good enough?      

Auger ICRC 2013 Rio de Janeiro

Radio: a new handle on CR Composition
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<Xmax> and !(Xmax) data
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• Earth magnetic field
electrons/positrons deflected
E ~ dnch/dt

• Charge excess
negative charge due to electron 
knockouts
E ~ d(ne-np)/dt

• Non-unity index of refraction
Cherenkov-like effects
ring structure possible

Multiple emission 
mechanisms

! Geomagnetic

! Electrons and positrons are 
deflected in the 
geomagnetic field

! Linearly polarized in v x B 
direction

! Charge excess

! Negative charge buildup at 
shower front

! Linearly polarized in radial 
direction away from shower 
axis

! Cherenkov e"ects

What drives the radio emission?

P. Schellart

Coherent at 100 MHz
wavelength > shower front size
P ~ n2



LOFAR
low frequency array

10 - 250 MHz

Epoch of Reionization
Radio Transients 

Astroparticle Physics
Cosmic Magnetism

Surveys
Solar Physics



SUPERTERP
~600 low band antennas

10 - 80 MHz
5 ns time resolution
> GB buffer/antenna

+ LORA
LOFAR Radboud air shower array

20 scintillator stations (ex-KASCADE)

24 core stations
9 remote stations

8 international stations



Reconstruction pipeline
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1. LORA scintillators provide 
trigger & shower recoRaw data

NE-SW

NW-SE

RFI Cleaning & Gain calibration

! Use phase stability of Radio Frequency 
Interference transmitters

! LOFAR Low Band Antennas are 
sky-noise dominated

! Normalize to expected noise level

cleaning
TV/radio

2. RFI cleaning using phase stability 
of emitters

P. Schellart 



Pulse detection and direction fit to arrival times

Particle Detector & Radio Agree

Curvature

3. pulse finding
4. arrival direction 

fit

P. Schellart 



Lateral distribution in full polarization

P. Schellart 

5. Apply antenna model to get LDF

Geomagnetic 
= dominant



Air Showers at 30 - 80 MHz

Scintillator threshold

A. Nelles
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range 1016.5 - 1018.5 eV
north-south asymmetry

sample of 400+ showers



Xmax measurement by fitting
lateral distribution of P

11
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radio pattern

v x B 

v x v x B 

v x B 

v x v x B 

vector sum of geomagnetic and charge excess component
relativistic beaming

distortion by Cherenkov-like effects (n≠1)

CoREAS simulation
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Xmax ~ 600 g/cm2 Xmax ~ 650 g/cm2 Xmax ~ 700 g/cm2

LOFAR:
200 - 400 antennas/event

→ fit full 2D pattern !

v x B cross section along
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LOFAR

triggers direction +
energy estimate

CORSIKA +
CoREAS

radio 
pattern

particle LDF

radio data

particle data
fit

longitudinal  
development 
(Xmax, etc.)

χ2/ndf
reco Xmax

repeat: 25 proton + 15 iron

LORA (LOFAR Radboud Array)

Radio Xmax determination with LOFAR
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Figure 4: The values for (xo f f ,yo f f ) found in the optimiza-
tion procedure for all forty shower simulations. The color of
the data points represents the Xmax of that particular shower
(blue = low, red = high). The size of the data points repre-
sent the quality of the fit. The best fitting proton shower is
indicated with a star.

and that are collectively operated by the International LOFAR
Telescope (ILT) foundation under a joint scientific policy.
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[12] J. Alvarez-Muñiz et al., Astropart. Phys. 35, 325 (2012).
[13] O. Scholten et al., Astropart. Phys. 29, 94 (2008).
[14] T. Huege et al., NIMPA 662, 179 (2012).
[15] D. Heck et al., Report FZKA 6019 (1998).
[16] S. Buitink at al., Astropart. Phys. 33, 296 (2010).
[17] W. Apel et al. [ KASCADE-Grande collaboration], PRL

107, 1104 (2011).
[18] W. Apel et al. [ KASCADE-Grande collaboration], PRD 87,

1101 (2013).
[19] C. Meurer et al. [Pierre-Auger-Collaboration], ASTRA 7

183 (2011).
[20] P. Schellart for the LOFAR Collaboration, These

Proceedings.

Strategy

CR 
composition



Stijn Buitink - TAUP Asilomar 2013

Fit for each simulation
Minimize χ2 of radio and particle data simultaneously

4 fit parameters: 
core position

radio power scale factor
particle density scale factor

Radio Xmax determination with LOFAR
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

tion of the radio power on the ground is a complex function
because of the interference of geomagnetic and charge ex-
cess radiation. To fully capture all the information that is
encoded in this pattern it is not sufficient to fit a lateral dis-
tribution function (LDF): all azimuthal asymmetry would
be averaged out. Instead, we fit a two-dimensional distri-
bution function (2DF), which is acquired by interpolating
simulation results. In these 2DFs the center corresponds to
the shower core position, which, in general, does not coin-
cide with the location were the radio pulse power reaches
its maximum value.

Several codes are now available for the production of
air shower radio simulation. Programs like CoREAS [11],
ZHAireS [12], and EVA [13] simulate a combination of
effects, like geomagnetic radiation, charge excess radia-
tion, and the Cherenkov-like propagational effects that arise
when including a realistic index of refraction of the atmo-
sphere. Microscopic codes that treat each particle individu-
ally (CoREAS, ZHAireS) and macroscopic codes that cal-
culate the global charge and current distributions (EVA)
are converging towards similar results [14]. Here, we use
CoREAS, which is a radio extension to CORSIKA [15].
This allows us to generate radio and particle output for each
individual shower simulation.

For each high-quality LOFAR event we generate sim-
ulations of 25 protons and 15 iron showers. We use the
QGSJETII and Fluka interaction models. The radio pulse
is calculated for 160 positions on the ground. The power
between these points is found by interpolation. For this in-
terpolation to work properly, the locations must be chosen
strategically. Since the radiation pattern is not rotationally
symmetric around the shower axis, it is important to know
at what angles the radiation reaches its maximum and min-
imum. The asymmetry arises from the vector sum of the
two radiation components. While both mechanisms produce
linearly polarized emission, their polarization angle is dif-
ferent. The geomagnetic component is always polarized in
the v×B plane, where v is the direction of propagation of
the shower and B is the magnetic field. The charge excess
component, on the other hand, has a polarization radially
outwards with respect to the shower axis. The interference
is therefore completely constructive or destructive along the
direction of v×B vector and reaches intermediate values at
other angles. The pattern of ground positions that we use
for simulations is a star-shaped pattern with two of its arms
lying along the projected v×B axis. Note that the physical
location of the positions in ground coordinates is therefore
different for each event, depending on the arrival direction
of the air shower.

The interpolated 2DF is plotted in Fig. 1. The small
circles indicate the positions for which the radiation was
simulated. Note that the maximum radio power is reached
to the right of the shower core, while a deficit is visible to
the left along the v×B axis.

The antenna gain of LOFAR antennas is given by a
complex 2x2 Jones matrix that describes how the two on-sky
polarizations are received as two instrumental polarizations
[9]. To compare data to simulations we can either apply
the inverted Jones matrix to the data, which gives the
‘physical’ signal, or apply the Jones matrix to the simulation
to acquire the simulated received signal. While the two
seem equivalent there is a subtle difference with respect
to the way the background noise is treated. The antenna
response depends on the arrival direction of the signal.
When applying the inverted Jones matrix corresponding to

Figure 1: Projection of the two-dimensional radio power
distribution on the shower plane. The x axis is in the direc-
tion of the v×B vector. The background colors represent
the interpolated simulation results for a proton shower with
Xmax = 650 g/cm2. The large circles represent the LOFAR
antennas and their colors the received power. The small cir-
cles indicate the locations for which the radio signal was
simulated. The shower core is located at the origin, indi-
cated with a +. Its location is found by fitting the radio and
particle data simultaneously. The power scaling is arbitrary.

the reconstructed arrival direction of the air shower to the
data, one implicitly assumes that the background noise also
comes from this direction. Since the background consists
of contributions from all directions this assumption is
false, and the noise is not transformed correctly. Especially
for polarized emission this can lead to wrong values for
the signal-to-noise ratio. This issue does not exist when
applying the Jones matrix to the simulated data, since the
simulation has no noise included. We therefore choose to
apply the antenna model to the simulation and compare
total received power. This includes a bandpass filter in the
range 30–80 MHz.

We now fit the simulation to the radio and particle data
simultaneously by minimizing:

χ2 = ∑
antennas

�
Pant − frPsim(xant + xo f f ,yant + yo f f )

σant

�2

+ ∑
detectors

�
ddet − fpdsim(xdet + xo f f ,ydet + yo f f )

σdet

�2
, (1)

where Plo f ar is the power measured at an antenna at location
(xant ,yant) with noise level σlo f ar, Psim is the simulated
power, dlora is the particle density as measured by a LORA
detector at location (xstat ,ystat) with noise σlora, and dsim
is the CORSIKA particle density. The fit has four free
parameters: the core offset (xo f f ,yo f f ), and scaling factors
fr and fp for the radio and particle distribution functions.
The radio scaling is needed because the LOFAR data has no
absolute calibration yet, while the particle density scaling is
used because the energy of the simulated event is in general
different from the real energy. The fitted core position is
then used to obtain an updated energy estimate from LORA.

For each of the 40 shower simulations, this procedure
is repeated. Since the direction and energy of the primary
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ID 81409140

zenith 26 deg
279 antennas
χ2 / ndf = 1.3

Buitink et al., in prep 
(2013)

best fit out of 40 simulations
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1D LDFs don’t fit ! - core shifted by ~ 50m 
- revised energy estimate

best fit out of 40 simulations
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Prelim
inary

Buitink et al., in prep 
(2013)

Xmax = 637 ± 20 g/cm2

χ2 / ndf = 1.3
279 antennas
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Procedure:
- single out 1 sim 
- add noise
- reconstruct with other 39 
sims
- calculate error ΔX
repeat for all sims

construct region that contains 
68% of ΔX

σmeth = 12.7 g/cm2

σatm = 15 g/cm2

σ = 19.6 g/cm2

68%
Prelim

inary

Errors

MC vs. MC

other systematic effects under investigation
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ID 63246771

zenith 17.5 deg
190 antennas
χ2 / ndf = 1.3

Xmax = 672 ± 17 g/cm2

Prelim
inary
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ID 81147431

Cherenkov ring

zenith 55 deg
419 antennas
χ2 / ndf = = 1.1

Xmax = 697 ± 25 g/cm2

Prelim
inary
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Conclusions
• We understand air shower radio emission

- CoREAS sim in agreement with 300+ data point events!
- geomagnetic, charge excess & Cherenkov observed
- absolute power not yet available... 

• We can measure Xmax
- accurate reconstruction based on CoREAS sim σ ~ 20 g/cm2

- coming: independent analysis using wavefront shape
- radio has duty cycle of near 100%

• Future
- LOFAR composition energy range 1016.5 - 1018.5 eV
- TUNKA-REX comparison with air-Cherenkov
- AERA (Auger) comparison with FD & composition at highest 
energies 

research funded by ERC Advanced Grant (H. Falcke) & NWO Veni Grant (S. Buitink)
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backup slides
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Total power X-dipole Y-dipole

polarization
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• Wavefront curvature
nanosecond precision
(sub-sample!) 

• not purely spherical or 
conical

• sensitive to Xmax 
(analysis ongoing)

Wavefront curvature

! Subtracting the plane wavefront 
solution, treating curvature as a 
perturbation gives ~6 ns delays 
at edge of the array

! This can be directly measured 
with LOFAR

! Preliminary results point to 
mixed spherical / conical 
wavefront shape

! Wavefront curvature may 
provide measurement of Xmax 
independent of pulse power 

Corstanje et al. (in prep)

Wavefront curvature

! Subtracting the plane wavefront 
solution, treating curvature as a 
perturbation gives ~6 ns delays 
at edge of the array

! This can be directly measured 
with LOFAR

! Preliminary results point to 
mixed spherical / conical 
wavefront shape

! Wavefront curvature may 
provide measurement of Xmax 
independent of pulse power 

Corstanje et al. (in prep)

delays w.r.t. plane wave

hyperbolic fit

A. Corstanje
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Energy Calibration

A. Nelles

(LORA)

- signal strength at 60-70m axis distance
- coherent signal P ~ n2

- spread due to shower-to-shower fluctuations



radio emission: converging models 
macroscopic:

time-dependent 
current densities

microscopic:
geosynchrotron +

`endpoint’ radiation
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Figure 1: Comparison of the east-west polarisation component emitted by vertical air
showers with three different primary energies at an observer position 200m north from
the shower core: 1017 eV (solid red), 1018 eV (dashed blue) and 1019 eV (dotted magenta)
for REAS3 (left) and MGMR (right). The pulse for 1018 eV is multiplied with 0.1 and for
1019 eV with 0.01 to allow a better comparison within the same plot. REAS3 and MGMR
obtain similar results.

dependence of the primary particle energy and the position of the shower
maximum, the dependence of the field strength on the primary particle en-
ergy is still describable by a power-law.

In fig. 1, the pulses of the vertical air showers with different primary
energies are shown. Since the characteristics of the radio signal are mostly
unchanged with higher energies [24] and thus the result of the comparison
between both models are not influenced by the choice of energy, the following
comparison is concentrated on the vertical air shower with primary energy
1017 eV.

Figure 1 also shows that the numerical noise level of REAS3 is somewhat
higher than the noise level of the MGMR simulation. This effect is mostly
relevant for near-vertical showers as discussed in this section. The figures
of the inclined air shower illustrate this (cf. section 3.2). In the MGMR
model, the motion of particles is averaged at the beginning of the calculation
of the coherent emission and the corresponding electric field is calculated at
the end. Thus, the result of the MGMR model is less affected by numerical
noise.

Comparing the raw (unlimited bandwidth) radio pulses from the vertical
air shower in figure 2, it is obvious that MGMR as well as REAS3 predict
bipolar pulses. Furthermore, the amplitudes agree within a factor of ∼ 2,

8

Huege, Ludwig Scholten, De Vries NIMPA 662 (2012) 179

E ~ dJ/dt ~ dN/dt

Now available: CoREAS, ZHAireS, EVA, Selfas
all include geomagnetic, charge excess, cherenkov effects

Detection principle

e− e+
! Charged particles in air shower produce synchrotron

radiation

! Radiation is coherent (i.e. detectable) up to

∼ 100 MHz

! Radiation can be picked up by a radio antenna array

such as lofar

! Cosmic ray events are considered on station level

The lofar cosmic rar trigger pune, august 2005 – p.

J
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simulations
• CORSIKA 6.990   QGSJETII-03 + FLUKA

• CoREAS v0.9  T. Huege et al.  AIPC 1535, 128 (2013)

x

y

z

X

Y φ

θ
êθ

êφ

ên

1

raw sim pulses 
(xyz) antenna simulation

(incl. 30-80 MHz filt.)

power in 
X/Y dipole

X
Y


